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The E6 and E7 oncogenes of human papillomavirus type 16 (HPV-16) are sufficient for the immortalization
of human genital keratinocytes in vitro. The products of these viral genes associate with p53 and pRb tumor
suppressor proteins, respectively, and interfere with their normal growth-regulatory functions. The HPV-16 E6
protein has also been shown to increase the telomerase enzyme activity in primary epithelial cells by an
unknown mechanism. We report here that a study using reverse transcription-PCR and RNase protection
assays in transduced primary human foreskin keratinocytes (HFKs) shows that the E6 gene (but not the E7
gene) increases telomerase hTERT gene transcription coordinately with E6-induced telomerase activity. In
these same cells, the E6 gene induces a 6.5-fold increase in the activity of a 1,165-bp 5’ promoter/regulatory
region of the hTERT gene, and this induction is attributable to a minimal 251-bp sequence (—211 to +40).
Furthermore, there is a 35-bp region (+5 to +40) within this minimal E6-responsive promoter that is
responsible for 60% of E6 activity. Although the minimal hTERT promoter contains Myc-responsive E-box
elements and recent studies have suggested a role for Myc protein in hTERT transcriptional control, we found
no alterations in the abundance of either c-Myc or c-Mad in E6-transduced HFKs, suggesting that there are

other or additional transcription factors critical for regulating hTERT expression.

The human papillomaviruses (HPVs) designated as “high
risk” types, such as HPV type 16 (HPV-16) and HPV-18, are
associated with anogenital tract lesions that can progress to
malignancy (44, 45). The E6 and E7 viral genes appear to be
responsible for both the in vivo and in vitro transforming ac-
tivity of these high-risk viruses (24, 46), and each of these genes
can independently transform established rodent cell lines (3,
29, 39). Interestingly, the E6 gene can independently immor-
talize primary human mammary epithelial cells in culture (2).

The transforming activities of the E6 and E7 viral gene
products reside in their ability to interact specifically with cel-
lular regulatory proteins and interfere with their normal func-
tioning. The E7 protein interacts with pRb and abrogates its
tumor-suppressive activity (8, 25), while the E6 protein coop-
erates with E6AP, a ubiquitin E3 ligase, to target p53 tumor
suppressor protein for ubiquitin-dependent degradation (16,
31, 32, 42). Other less well characterized functions for E6
oncoprotein have been proposed (9, 18, 22), including the
activation of telomerase (20), which is a ribonucleoprotein
enzyme important for the maintenance of telomeric structures
at the ends of chromosomes (10, 27).

Telomerase activity is detected in more than 90% of immor-
talized and cancer cells but absent in most normal somatic cells
(17, 23), suggesting that telomerase activation is an important
event during the process of immortalization and malignant
transformation. The absence of telomerase activity in normal
cells results in progressive telomere erosion with each cell cycle
due to incomplete end replication of linear DNA (13, 41),
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which ultimately leads to chromosomal instability and cellular
senescence. Thus, telomere shortening is thought to represent
the “mitotic clock” that determines normal cellular life span.
Telomerase activity is closely associated with the expression
of the telomerase catalytic subunit, \TERT. The expression of
hTERT RNA is detected at high levels in tumor tissues and
tumor-derived cell lines but not in normal adjacent tissues or
primary cells (30, 38). Ectopic expression of hTERT in telom-
erase-negative cells restores telomerase activity in these cells
as well as extending their life span (5, 7). Introduction of a
dominant-negative hTERT into cancer cells inhibits telomer-
ase activity in these cells and limits their growth (12). These
findings strongly suggest that hTERT is the rate-limiting de-
terminant of enzymatic activity of human telomerase and that
upregulation of hTERT might be a critical event in the devel-
opment of human cancers. Recently, it has been shown that
telomerase activity can be induced in primary human keratin-
ocytes and mammary epithelial cells by oncogenic E6 viral
protein expression (20). In this study, we investigated whether
HPV-16 E6 protein could induce hTERT expression by tran-
scriptional activation, thereby providing a mechanistic expla-
nation for E6-mediated increases in telomerase activity.
HPV-16 E6 protein increases telomerase activity in primary
keratinocytes. To demonstrate and verify that E6 induced cel-
lular telomerase activity, we infected telomerase-negative, late-
passage (passage 8 [P8]) human foreskin keratinocytes (HFKSs)
with a control LXSN retroviral vector or one expressing
HPV-16 E6, E7, or the E6 plus E7 genes. The HFKs were
cultured from neonatal foreskin explants as described previ-
ously (33), maintained in keratinocyte growth medium (Gibco-
BRL), and, following retroviral infection, selected in G418
(100 pg/ml) for 5 days as previously described (35). Resistant
clones were pooled and passaged at a ratio of 1:5. Telomerase
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FIG. 1. Telomerase activity in HFKs transduced with HPV-16 E6,
E7, or E6 plus E7 genes. Using a modified TRAP assay (17, 35),
telomerase activity was detected in HFKs expressing E6 alone or E6
plus E7 but not in HFKs expressing E7 alone. Control HFKs (either
nontransduced or transduced with vector LXSN) were also negative
for telomerase activity. HeLa (HPV-18-positive cervical cancer line)
and IMR-90 (normal embryonic lung fibroblasts) cells were used as
telomerase-positive and -negative controls, respectively. HeLa lysates
were treated with either RNase A or heat prior to the telomerase
reaction to demonstrate telomerase-specific activity.

activity was assayed in these HFKs (as well as positive- and
negative-control cell lines) using a modified telomeric repeat
amplification protocol (TRAP assay) (17, 35). Telomerase ac-
tivity was present in the positive-control HeLa lysates (HPV-
18-positive cervical adenocarcinoma cell line) (Fig. 1) and ab-
sent in the negative-control IMR-90 cell line (normal
embryonic lung fibroblasts), which does not express hTERT
message (17, 23). To demonstrate telomerase-specific activity,
HelLa lysates were heat treated for 10 min at 95°C or digested
with 2 pg of RNase A for 30 min at 37°C prior to TRAP
analysis, and both treatments resulted in the total loss of de-
tectable telomerase activity. Telomerase activity was also de-
tected in HFKs expressing E6 protein alone or together with
E7 protein but absent in noninfected primary HFKs (P8) or
HFKs containing empty vector or expressing E7 alone (Fig. 1).
These results establish that our HFKs do indeed overexpress
hTERT activity and confirm that the E6 protein, but not the
E7 protein, mediates this increase (20, 35).

The E6 protein upregulates hTERT expression, which cor-
relates with E6-induced activation of telomerase. To deter-
mine if telomerase activity induced by E6 might reflect in-
creased hTERT mRNA expression, we assayed for hTERT
mRNA in the panel of keratinocytes used for Fig. 1, using both
reverse transcription-PCR (RT-PCR) and RNase protection
assays. Total cellular RNA was extracted from subconfluent
cell cultures using TRIzol reagent (Gibco-BRL). Reverse tran-
scription was performed on 5 g of RNA using the Superscript
preamplification system (Gibco-BRL), and the resulting
c¢DNA was PCR amplified using hTERT- and 36B4-specific
primer pairs as previously described (21, 26). hTERT mRNA
was detected in HFKs expressing E6 alone or in combination
with E7 (Fig. 2A). In contrast, primary HFKs and keratino-
cytes containing the empty vector control or E7 alone did not
express hTERT message. Expression levels of the 36B4 gene
were similar in all samples tested.

Since RT-PCR analysis is not necessarily quantitative, we
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used RNase protection analysis to validate and better quanti-
tate the results shown in Fig. 2A. Radiolabeled hTERT and
36B4 riboprobes were generated using linearized expression
plasmids and the Maxi-script in vitro transcription kit (Am-
bion, Austin, Tex.) according to the manufacturer’s suggested
protocol. The RNase protection assay was performed using the
RPA 1I kit (Ambion). Briefly, hTERT and 36B4 riboprobes
were separately precipitated with 40 pg of total cellular RNA
in ethanol, hybridized overnight, and digested with RNase A
and T;. Samples were analyzed on a 6% urea polyacrylamide
gel. The hTERT probe produces an expected 145-bp protected
fragment as shown in Fig. 2B. Protected fragments for the
36B4 loading control are also shown. Yeast RNA was used to
demonstrate probe specificity for RNA message. hTERT pro-
tected fragments were observed only in cells expressing E6
alone or together with E7, which confirms the results of the
RT-PCR analysis (Fig. 2A). Unlike the RT-PCR results, how-
ever, HFKs expressing E6 or coexpressing E6 and E7 appear to
have similar levels of hTERT expression, which correlates with
the telomerase activity assayed in Fig. 1. Thus, upregulation of
hTERT mRNA by E6 correlates with increased telomerase
activity.

The E6 protein activates the hTERT promoter/regulatory
region. To determine if E6 protein could mediate transcrip-
tional activation of hTERT, we performed transient-transfec-
tion assays with hTERT promoter-reporter plasmids and an E6
expression vector in telomerase-negative, late-passage HFKs
(P8). A 1,165-bp fragment of the 5’ region of the hTERT gene
was cloned into the pGL3-Basic vector (Promega) upstream of
the firefly luciferase gene as previously described (15). Two
micrograms of the resulting plasmid pGL3B-1125 (—1125 to
+40) and 100 ng of an E6 expression vector or vector control
were transiently cotransfected into primary HFKs, and firefly
luciferase activity was measured 24 h after transfection using
the dual luciferase reporter assay system (Promega). In order
to control for transfection efficiency, 10 ng of the pRL-CMV
plasmid, containing the Renilla reniformis luciferase gene un-
der the control of the cytomegalovirus immediate-early en-
hancer/promoter, was also cotransfected, and Renilla luciferase
activity was measured as described above. After normalizing
for transfection efficiency, firefly luciferase activity in E6-trans-
fected cells was compared to that in vector-transfected cells.
Expression of E6 led to a 6- to 6.5-fold increase in pGL3B-1125
promoter activity relative to that of the vector control (Fig. 3).
The pGL3B plasmid, containing no promoter/regulatory se-
quences, was used as a negative control. These results reflect
the averages of at least three independent experiments. These
data indicate that E6 induction of hTERT expression occurs
predominantly at the level of transcriptional regulation.

A minimal 251-bp promoter/regulatory region of hTERT is
essential for maximal promoter activity induced by E6. To
identify the minimal promoter/regulatory region of the hTERT
gene necessary for full transcriptional activation by E6, a series
of luciferase plasmids containing 5'-truncated hTERT pro-
moter fragments were constructed as previously described (15)
and used in luciferase assays. As shown in Fig. 3, E6 expression
induced promoter activity that increased with serial deletions
of the pGL3B-1125 plasmid, with peak promoter activity ex-
hibited by a 251-bp promoter fragment (pGL3B-211). The
activity of the pGL3B-211 plasmid induced by E6 was 8- to
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FIG. 2. RT-PCR and RNase protection analyses for telomerase hTERT mRNA expression. The transduced keratinocytes described for Fig.
1 were evaluated as follows. (A) RT-PCR analysis was performed using the Superscript preamplification system (Gibco-BRL) and an hTERT-
specific primer pair (26). h"TERT RNA was observed only in HFKs expressing E6 alone or E6 plus E7. 36B4 primers were used to ensure cDNA
integrity and to control for sample loading (21). (B) RNase protection analysis was performed on 40 pg of cellular RNA from the same cells as
in panel A using radiolabeled hTERT- and 36B4-specific riboprobes and the RPA 1II kit (Ambion). Protected fragments are indicated by arrows.
Yeast RNA was used to verify probe specificity. The 145-bp hTERT protected fragment was observed only in cells expressing E6 alone or E6 plus

E7, confirming the results in panel A.

8.5-fold higher than the activity of the pGL3B-1125 plasmid
plus vector control. In addition, E6 induced about a 25%
increase in activity of the pGL3B-211 plasmid above the E6-
induced activity of the pGL3B-1125 plasmid, which suggests
the presence of repressor sequences in the deleted region
(—1125 to —211). However, a 123-bp truncation of pGL3B-
211, represented by the pGL3B-88 plasmid, resulted in a 60%
reduction of full promoter activity. To demonstrate E6-specific
induction of each truncated hTERT promoter-reporter plas-
mid, basal promoter activity was measured in transient-trans-
fection assays with an E6-negative vector. Basal activity levels
for each promoter plasmid are similar and are low compared to
E6-induced activity levels (Fig. 3). Taken together, these re-
sults indicate that the proximal 251-bp (—211 to +40) promot-
er/regulatory region of the hTERT gene functions as the core
regulatory region essential for full transcriptional activation of
hTERT by E6. Although the precise mechanism for E6-medi-
ated transactivation of hTERT remains uncertain, the identi-
fication of SP1, AP2, and Myc regulatory elements within the
251-bp core regulatory region (15, 37) suggests potential tar-
gets.

Identification of a 35-bp sequence that accounts for 60% of
E6-induced transcriptional activation of hTERT. To examine

whether sequences downstream of the transcription start site
might participate in hTERT transcriptional regulation, we de-
leted a 35-bp region (+5 to +40) of the hTERT core promoter
and performed luciferase assays. Transient cotransfections of
late passage keratinocytes with the resulting plasmid, pGL3B-
208, and an E6 expression vector resulted in a 60% reduction
of full luciferase activity (Fig. 3), suggesting the presence of a
positive-acting element(s) within this 35-bp region. While
there is a theoretical possibility that region —211 to —208
might contribute to this activity, preliminary analysis of point
mutants indicates that the 35-bp region constitutes the major
E6-responsive element (data not shown). Previous reports
have identified two Myc-responsive sites, known as E-box ele-
ments (CACGTG), located in the 5’ regulatory region of
hTERT (6, 15, 37). Interestingly, one E-box element is located
in the 35-bp region, while the other E box is situated approx-
imately 200 bp upstream (15). The potential role for Myc as a
mediator of transcriptional activation of hTERT by E6 is un-
derscored by the observation that a deletion of either E box
(see pGL3B-208 and pGL3B-88 in Fig. 3) results in a similar
reduction of promoter activity, 60% of maximal activity. How-
ever, the simultaneous deletion of both E boxes, represented
by the pGL3B-130 plasmid (—130 to +5), did not appear to
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FIG. 3. E6 activation of the hTERT promoter and identification of the minimal promoter region necessary for induction. \TERT promoter
fragments (solid bars) were cloned into the pGL3-Basic vector (Promega) upstream of the firefly luciferase gene (hatched lines) as described
previously (15) and used in luciferase assays. Dotted lines indicate a 35-bp deleted region. Reporter plasmids are named according to the first
nucleotide number at the 5" end of each hTERT promoter fragment. Telomerase-negative keratinocytes were transiently cotransfected with an
hTERT luciferase reporter plasmid, an E6 expression vector, or an empty vector and with the pRL-CMV R. reniformis reporter plasmid (to control
for transfection efficiency). Relative fold activation (shown on the right) reflects the normalized luciferase activity induced by E6 or empty vector
compared to the normalized activity of the largest hTERT reporter plasmid (pGL3B-1125) plus vector control. Error bars show the standard

deviations for at least three independent experiments.

have a marked additive effect compared to deletion of either E
box alone. In fact, pGL3B-130 plus E6 showed significant pro-
moter activity above that of the vector control. Taken together,
our results define a minimal 35-bp sequence of the hTERT
promoter/regulatory region that contains a site for Myc/Max
binding and that appears to account for at least 60% of the full
transcriptional activity induced by E6.

E6 expression does not alter Myc or Mad protein expres-
sion. To examine whether E6-mediated activation of hTERT
might involve changes in the abundance of endogenous Myc or
Mad proteins, we performed Western blot analyses as de-
scribed previously (36) on 50 pg of total cell lysates from
keratinocytes transduced with E6. Protein blots were reacted
with either the c-Myc 9E10 monoclonal antibody (Pharmingen;
2 pg/ml) or a polyclonal Mad antibody (Pharmingen; 1:1,000
dilution). Immunoblots were stripped and reprobed using a
monoclonal actin antibody (Amersham; 5 to 10 pg/ml) to dem-
onstrate equal loading of protein. Results show no obvious
differences in either cellular Myc or Mad protein levels in
keratinocytes expressing and not expressing E6 (Fig. 4). There-
fore, we conclude that protein levels of Myc and Mad do not
appear to be important for E6-mediated transcriptional con-
trol of telomerase hTERT. However, we cannot exclude the
possibility that our Western blot assay is insensitive to subtle
E6-mediated changes in Myc or Mad protein expression that
are sufficient to induce hTERT gene activity. Alternatively, it is
possible that E6 is altering the state of Myc activity by modi-
fying other regulators of Myc, such as Max or Mxi.

Discussion. The list of p53-independent activities of HPV-16
EO6 protein is growing and includes, among others, the inhibi-
tion of keratinocyte differentiation in response to calcium and
serum (34), the direct transactivation or repression of viral
promoters (9, 18, 22), and the activation of telomerase enzyme
in primary epithelial cells (20). However, in regard to the latter

function of E6, the mechanism of telomerase activation re-
mains unknown. In this report, we show that HPV-16 E6 in-
duces hTERT expression in primary human keratinocytes and
that this upregulation correlates strongly with telomerase ac-
tivity. In addition, we demonstrate that E6 is able to transac-
tivate the hTERT promoter, indicating that the mechanism for
E6-mediated increases in hTERT expression occurs predomi-
nantly at the level of transcriptional regulation, although it is
possible that other mechanisms such as RNA stability or pro-
cessing may have a contributing role. However, the biological
relevance of telomerase activation in primary keratinocytes by
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FIG. 4. Immunoblot analyses of cellular Myc and Mad proteins in
transduced HFKs. Protein extracts of the transduced keratinocytes
used for Fig. 1 were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis, blotted onto nylon filters, and incubated with
either Myc 9E10 monoclonal antibody (Pharmingen; 2 pwg/ml) or Mad
polyclonal antibody (Pharmingen; 1:1,000 dilution). The specified pro-
teins were detected using alkaline phosphatase-conjugated goat anti-
mouse or -rabbit immunoglobulin G antibodies (Tropix; 1:5,000 dilu-
tion) and visualized using CDP-Star chemiluminescent substrate
(Tropix). To ensure equal loading of protein, immunoblots were
stripped and reprobed using an actin monoclonal antibody (Amer-
sham; 5 to 10 pg/ml).



VoL. 75, 2001

E6 is unclear. E6 and E7 proteins independently can extend
the life spans of keratinocytes (19, 35), but both are required
for the efficient immortalization of these cells (24). Interest-
ingly, ectopic expression of hTERT in telomerase-negative,
E7-expressing keratinocytes not only restores telomerase ac-
tivity in these cells but also causes them to become immortal-
ized (19). Therefore, E6 might contribute to the immortaliza-
tion of keratinocytes by mediating upregulation of hTERT and
concomitant activation of telomerase.

The precise mechanism for transcriptional activation of the
hTERT gene by E6 remains to be identified. Recent reports
showing that E6 can increase Myc protein expression in human
mammary epithelial cells (40) and that c-Myc protein can di-
rectly activate hTERT transcription (43) led us to examine
Myc as a potential mediator of hTERT transcription by E6.
Results from our Western blot analyses showed no detectable
differences in c-Myc expression in HFKs expressing E6 and
those lacking E6 (Fig. 4). The results of our luciferase assays,
however, suggest that c-Myc may still have a role in E6-medi-
ated control of hTERT transcription. Promoter analysis of
truncated hTERT promoter-reporter constructs led us to iden-
tify two regions (—211 to —88 and +5 to +40) whose individ-
ual deletions resulted in a reduction of promoter activity up to
60% of maximal activity (Fig. 3). Interestingly, each region
contains a c-Myc/Max binding element known as an E box (15,
37). The activity of Myc is regulated by switches through its
dimerization partners. Although Myc can form homodimers,
Myc preferentially heterodimerizes with Max to induce Myc-
responsive genes (4). The family of Mad proteins oppose Myc
activity by competing with Myc for Max binding (1). Based on
recent reports showing direct repression of hTERT transcrip-
tion by Mad proteins (11, 28), we examined relative levels of
Mad protein in E6-transduced keratinocytes but found no dif-
ferences (Fig. 4). However, we cannot exclude the possibility
that alterations in other regulators of Myc activity may con-
tribute to hTERT transcriptional activation.
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